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Abstract 

Iron-silicon  are  prepared  by  annealing  elemental  mixtures  at  1000  °C  followed  by  mechanical  milling.  Graphite-Fe20Si80  alloy  composites 
have  been  prepared  by  ball-milling  a  mixture  of  Fe20Si8o  alloy  and  graphite  powder.  The  microstructure  and  electrochemical  performance  of 
the  composites  are  characterized  by  X-ray  diffraction  and  an  electrochemical  method.  The  FeSi2  matrix  is  stable  for  extended  cycles  and  acts 
as  a  buffer  for  the  active  centre,  Si.  The  Fe2oSi8o  alloy  electrode  delivers  large  initial  capacity,  but  the  capacity  degrades  rapidly  with  cycling. 
Fe2(|SiX()  alloy-graphite  composite  electrodes,  however,  show  good  cycleability  and  a  high  reversible  capacity  of  about  600  mAh  g-1.  These 
composites  appear  to  be  promising  candidates  for  negative  electrodes  in  lithium  rechargeable  batteries. 
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1.  Introduction 

Much  attention  has  focused  on  improving  the  specific 
capacity  of  the  anode  material  in  rechargeable  lithium 
batteries.  Graphitic  carbons  are  commonly  used  as  anodes 
in  most  commercial  cells. 

Their  storage  capacities,  however,  are  limited  to 
372  mAh  g  1 .  Several  materials,  especially  tin-based  oxides, 
have  recently  been  reported  as  possible  anode  materials  to 
replace  the  carbon  system  [1-3].  Despite  the  interesting 
performance  of  these  materials,  a  large  irreversible  loss  in 
capacity  is  a  main  limitation  to  their  use  as  anode  materials  in 
lithium  rechargeable  batteries.  It  is  well  known  that  silicon 
can  also  react  with  lithium  to  form  LixSi  alloys  with  a 
maximum  capacity  of  up  to  4000  mAh  g  1  [4,5].  Neverthe¬ 
less,  the  alloying  process  does  not  appear  to  be  sufficiently 
reversible  due  to  large  volume  changes  during  cycling  which 
lead  to  pulverization  of  the  silicon  powders  [6].  Recently,  it 
has  been  reported  [7,8]  that  metal  silicide  alloys  can  be  as  an 
anode  material  for  lithium  rechargeable  batteries. 

In  this  investigation,  the  preparation  and  electrochemical 
performance  of  Fe27Si73,  Fe2oSi8o  and  graphite-Fe20Si8o 
alloy  composites  is  reported.  The  graphite-Fe20Si80  alloy 
composite  electrodes  demonstrate  quite  a  high  reversible 
capacity  with  excellent  cycleability. 
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2.  Experimental 

Iron-silicon  alloy  powders  were  prepared  by  annealing  an 
elemental  mixture  at  1000  °C  for  2  h  under  a  flow  of  argon, 
followed  by  milling  with  a  high-energy  ball-mill  (SPEX 
mixer/mill  8000).  A  stainless-steel  vial  and  stainless-steel 
balls  of  7.9  mm  in  diameter  were  used  for  milling.  The  ratio 
of  ball  mass  to  mixture  load  was  10:1.  The  alloy  powders 
were  characterized  by  X-ray  diffraction  (XRD)  analysis 
using  Cu  Ka  radiation.  50:50  (wt.%)  mixtures  of  the  pure 
graphite  (Timrex  SFG6)  and  Fe-Si  alloy  powders  were 
prepared  by  ball-milling  in  a  planetary  mill  (pulverisette- 
7,  Fritsch)  for  0.5-2  h  at  a  rotation  rate  of  1600  rpm  in  an 
argon  atmosphere. 

Coin  cells  (type  2016)  were  fabricated  to  test  the  electro¬ 
chemical  properties.  The  ball-milled  Fe-Si  alloy  powders 
were  mixed  with  15  wt.%  acetylene  black  (AB)  as  an 
electron  conductor  and  10  wt.%  poly-(vinylidene  fluoride) 
(PVDF)  solution  dissolved  in  M-methyl-2-pyrrolidone 
(NMP)  as  a  binder.  The  graphite-Fe20Si8o  alloy  composite 
electrodes  were  made  by  dispersing  90  wt.%  active  materi¬ 
als  and  10  wt.%  PVDF  binder  in  NMP  solvent.  The  resultant 
slurries  were  spread  on  a  copper  mesh,  dried  at  120  °C  under 
vacuum  overnight  to  remove  the  NMP,  and  then  pressed  into 
a  sheet.  The  electrolyte  was  1  M  LiPF6  in  a  mixture  of 
ethylene  carbonate  (EC)  and  diethyl  carbonate  (DEC)  (1:1 
by  volume,  provided  by  Cheil  Industries  Inc.,  South  Korea). 
Half-cells  were  assembled  in  an  argon-filled  glove-box.  The 
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cells  were  galvanostatically  charged  and  discharged  in  the 
voltage  range  0-2  V  versus  Li/Li+. 

3.  Results  and  discussion 

The  XRD  patterns  of  Fe27Si73  alloy  powders  after  anneal¬ 
ing  at  1000  °C  and  ball-milling  are  presented  in  Fig.  1.  The 
pattern  of  the  annealed  sample  was  indexed  with  the  reflec¬ 
tions  of  a,P-FeSi2  and  silicon.  After  ball-milling,  the  reflec¬ 


tion  lines  of  disappear  and  only  the  oc,P-FeSi2  phase  is 
detected.  The  peaks  broaden  with  milling  time  and  the 
intensities  drastically  decrease.  Line-broadening  is  due  to 
grain  refinement  and  lattice  internal  strain. 

The  discharge  capacity  of  the  ball-milled  Fe27Si73  with 
cycle  number  is  presented  in  Fig.  2,  in  which  the  data  for 
FeSi2(Fe33  3Si66.7)  is  also  indeed  for  the  purpose  of  compar¬ 
ison.  It  appears  that  the  discharge  capacity  of  the  Fe27Si73 
electrode  appears  to  be  due  to  the  nano-dispersed  silicon 
FeSi2  matrix.  The  FeSi2  phase  is  stable  during  cycling  and 
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Fig.  1.  XRD  patterns  of  Fe27Si73  alloy  after  annealing  at  1000  °C  for  2  h  and  ball-milling. 


Fig.  2.  Discharge  capacity  vs.  cycle  number  for  Fe27Si73  alloy  ball-milled  for  (a)  10  h,  (b)  20  h,  and  FeSi2  (Fe33.3Si66.7)  alloy  electrodes. 
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Fig.  3.  XRD  patterns  of  Fe20Si8o  alloy  after  annealing  and  ball-milling. 


acts  as  a  buffering  matrix  for  the  formation  of  LivSi  during 
cycling.  As  a  result,  the  capacity  is  very  stable  with  cycling. 

A  study  has  been  made  of  the  electrochemical  perfor¬ 
mance  of  an  Fcoo-Sixo  alloy  which  contains  a  large  amount  of 
silicon  as  the  active  centre.  The  effect  of  mechanical  milling 
on  the  annealed  Fe20Si80  alloy  shown  in  Fig.  3  in  the  form  of 
XRD  patterns.  With  ball-milling,  the  silicon  peaks  vanished 
and  the  a,(3-FeSi2  peaks  broaden.  This  behaviour  is  similar 
to  that  observed  for  Fe27Si73  in  Fig.  1.  The  discharge 
capacity  of  ball-milled  Fe20Si80  alloys  is  plotted  as  a  func¬ 


tion  of  cycle  number  in  Fig.  4.  Ball-milled  Fe20Si80  alloys 
deliver  a  large  initial  lithium  insertion  capacity,  but  the 
capacity  degrades  with  cycling  quite  rapidly.  This  is  prob¬ 
ably  because  there  is  insufficient  FeSi2,  phase  to  buffer  the 
expansion  of  the  silicon  domain  during  lithium  insertion,  as 
inferred  from  Figs.  1  and  2.  This  problem  can  be  solved  by 
incorporating  ductile  graphite  to  act  as  a  buffer  for  the  active 
centre. 

Discharge  capacity  as  a  function  of  cycle  number  for  ball- 
milled  graphite-Fe20Si80  alloy  composite  electrodes  is 


Fig.  4.  Discharge  capacity  vs.  cycle  number  for  ball-milled  Fe20Si8o  alloys. 
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Fig.  5.  Discharge  capacity  vs.  cycle  number  for  ball-milled  graphite-FeioSigo  alloy  composite  electrodes.  FeioSigo  alloy  was  pre-milled  for  15  h.  The  cells 
were  cycled  between  0.0  and  2  V. 


presented  in  Fig.  5.  As  expected,  the  cycleability  of  the 
composite  electrodes  have  been  significantly  improved.  A 
reversible  capacity  of  ~600  mAh  g  1  is  obtained.  It  appears 
that  ball-milling  of  a  mixture  of  graphite  and  Fc2oSiXo  alloy 
powders  leads  to  an  increase  in  irreversible  capacity  the  first 
charge-discharge.  This  irreversible  capacity,  mainly 
between  0.9  and  0.7  V,  is  supposed  to  be  caused  by  electro¬ 


lyte  decomposition  and  the  formation  of  a  passivation  him 
on  the  carbon  particles  [9,10],  as  shown  in  Fig.  6.  The  XRD 
patterns  of  ball-milled  graphite-Fe2oSi8o  alloy  composites 
are  shown  in  Fig.  7.  For  comparison,  the  XRD  pattern  of  the 
unmilled  graphite  is  also  shown.  After  ball-milling,  the 
diffraction  peaks  of  graphite  become  very  broad  and  the 
peak  intensity  decreases  due  to  the  reduction  of  particle  size 
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Fig.  6.  First  discharge  and  charge  curves  of  ball-milled  graphite-Fe2oSi8o  alloy  composite  electrodes. 


H.-Y.  Lee,  S.-M.  Lee  /  Journal  of  Power  Sources  112  (2002)  649-654 


653 


V) 

■*-* 

"E 

=) 

£ 

< 

>» 

■*-* 

« 

c 

CD 


•  FeSi2 

as  received 
graphite(SFG6) 

. •  j 

*  • 

,  w  A  (a) 

. - . * . JmA*. _ " 

10  20  30  40  50  60  70 

Diffraction  Angle  (2  0) 


Fig.  7.  XRD  patterns  of  ball-milled  graphite-FejoSigo  alloy  composites  after  (a)  30  min  milling,  (b)  60  min  milling,  (c)  120  min  milling. 


and  disordering,  while  the  diffraction  peaks  for  Fe-Si  alloy 
remain  unchanged.  Nevertheless,  it  is  noted  that  the  effect  of 
ball-milling  on  the  cycleability  and  the  reversible  capacity  of 
the  composite  electrodes  is  negligible.  It  is  well  known  that 
the  cycling  performance  can  be  improved  by  restricting  the 
voltage  range  for  cycling  [11,12].  The  discharge  capacity 
versus  cycle  number  for  the  composite  electrode  cycled 
between  0.0  and  1.2  V  is  given  in  Fig.  8.  When  the  upper 
cut-off  voltage  is  reduced  to  1.2  V,  better  cycling  behaviour 


is  obtained.  The  coulombic  efficiencies  of  Fe20Si80  alloy  and 
composite  electrodes  as  a  function  of  cycle  number  are 
presented  in  Fig.  9.  The  cycling  efficiency  of  composite 
electrode  is  about  99%  after  five  cycles,  which  is  superior  to 
that  of  the  Fe2oSi8Q  alloy  electrode.  It  is  though  that  the 
electrode  performance  can  be  further  improved  by  optimiz¬ 
ing  the  ball-milling  conditions  to  produce  Fe20Si80  alloy 
with  appropriate  microstructure  and  composite  powders. 
These  preliminary  results  suggest  that  graphite-Fe20Si8o 


Fig.  8.  Discharge  capacity  vs.  cycle  number  for  graphite-Fe2oSi8o  alloy  composite  electrode  (the  30  min  ball-milled  composite  sample  from  Fig.  6).  The  cell 
was  cycled  between  0.0  and  1.2  V. 
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Fig.  9.  The  coulombic  efficiencies  of  Fe20Si80  alloy  and  composite  electrodes  as  a  function  of  cycle  number  (a)  30  min  ball-milled  graphite-Fe20Si80  alloy 
composite  electrode,  (b)  Fe20Si8o  alloy  electrode. 


alloy  composite  is  a  promising  alternative  to  carbons  as  a 
negative  electrode  material  in  rechargeable  lithium  batteries. 

4.  Conclusions 

In  this  study,  Fe-Si  alloys  and  graphite-Fe20Sig0  alloy 
composite  are  investigated  as  possible  negative  electrode 
materials  for  rechargeable  lithium  batteries.  For  an  Fe-Si 
alloy,  like  Fe27Si73,  which  is  slightly  rich  in  the  silicon,  the 
FeSi2  phase  can  act  as  a  buffering  matrix  for  the  active  centre, 
Si,  during  cycling.  This  leads  to  good  cycling  stability.  An 
Fe20Si80  alloy  with  a  large  excess  of  silicon  shows  a  decrease 
in  capacity  with  cycle  number.  On  the  other  hand,  the  Fc20SiXo 
alloy-graphite  composite  electrode,  obtained  by  mechanical 
mixing  with  graphite,  shows  a  good  cycleability  and  a  high 
reversible  capacity  of  ~600  mAh  g  ',  which  suggests  that  an 
Fe20Sigo  alloy-graphite  composite  is  a  prospective  anode 
material  for  lithium  rechargeable  batteries. 
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